Introduction {#S0001}
============

Skin, the largest organ of the human body, plays an essential role of being the primary defense mechanism against external environment stressors including ultraviolet (UV) radiation, pollution, ozone, air borne chemicals, and allergens, etc. Of all the environmental factors, exposure to UV radiations, both acute and chronic, has been attributed to various skin concerns such as sunburn (erythema), pigmentation (tanning), inflammation, photo-aging and even skin cancer.[@CIT0001],[@CIT0002] UV radiation consists of UVA (320-400nm), UVB (290--320nm) and UVC (100--290nm) components. Typically, ambient sunlight is composed of 90--95% UVA, 5--10% UVB, with ozone absorbing most of solar UVC radiation.[@CIT0003]

Both UVA and UVB play a significant role in inducing DNA damages with different mechanisms for generating DNA mutations at the cellular level. High energy UVB is site specific and absorbed directly by the nucleotides, creating the DNA alterations such as cyclobutane pyrimidine dimer (CPD), which is capable of interfering with DNA replication.[@CIT0004],[@CIT0005] On the other hand, UVA mediates the DNA damage indirectly via photosensitization. When UVA is absorbed by intracellular chromophores such as porphyrins or bilirubin,[@CIT0006] it results in generating reactive oxygen species (ROS). These ROS interact directly with DNA via Fenton reaction generating superoxide (O2˙−) or the hydroxyl radical (OH^•^) leading to developing single strand breaks or induce oxidized base formation in DNA via singlet oxygen production.[@CIT0007]--[@CIT0009]

CPD is the major form of DNA photolesions created by UV radiation.[@CIT0010] It joins two adjacent pyrimidine bases by two single bonds creating a carbon ring between them,[@CIT0011] which interrupts base pairing and alters the DNA helix from its normal B form.[@CIT0012] CPDs in skin cells have critical biological consequences, including mutagenicity that may lead to the induction of skin cancer as well as skin aging.[@CIT0013],[@CIT0014] Moreover, CPDs also have non-mutagenic consequences such as initiating cytokine release and photo-immunosuppression that are also thought to be involved in skin cancer.[@CIT0015],[@CIT0016] Until recently, CPD was believed to be formed picoseconds after a direct absorption of UVB by thymine or cytosine. However, Premi et al reported that CPDs can be continuously generated for hours after UVA exposure in melanocytes via chemiexcitiation. The resulting, so-called "Dark CPD" constitutes the majority of CPDs in melanocytes. These delayed-formed CPDs arise when UVA activates nitric oxide synthase (NOS) and NADPH oxidase (NOX), which produce nitric oxide (NO^•^) and O2˙−. These two radicals then combine to form the radical peroxynitrite (ONOO^−^), degrading melanin polymer to the melanin fragments. The melanin monomers are then oxidized by ONOO^−^. The fragments, acting as a molecular shuttle, transfers excited electron in the melanin fragment resulting in a triplet state intermediate. The triplet state reaction intermediate creates an unstable dioxetane and then yield two carbonyls, one of which acquires the most energy discharged to DNA where the CPD is generated.[@CIT0017],[@CIT0018]

Sunscreen use has been shown to mitigate the adverse effects of sunlight primarily for UVB induced burning and damages. Although there is an increasingly recognized role of UVA in skin aging, pigmentation disorders, and even possibly melanoma development via "delayed CPD" formation, sunscreen users are minimally protected against UVA,[@CIT0018],[@CIT0019] unless using a broad spectrum sunscreen, adequately and frequently. Treating UVA-induced pigmentation disorders are tough and usually need a longer intervention time.[@CIT0020]--[@CIT0022] Hence, other methods of reducing the risks of photodamage are being sought[@CIT0023] such as inclusion of various antioxidants from botanical extracts or naturally occurring non-enzymatic vitamins (like vitamin C), or their derivatives (like Ascorbic Acid-2-Glucoside (AA2G)) in sunscreens or other skin care formulations. Chrysanthemum Morifolium is one such botanical which is well known in the traditional Chinese medicine for antioxidant and anti-inflammatory properties.[@CIT0024]--[@CIT0026] Previous chemical characterization studies indicate that Chrysanthemum Morifolium flower extract contains quercetin, acacetin 7-O-beta-D-(3"-acetyl) -glucopyranoside, luteolin 7-O-beta-D-(6"-acetyl)-glucopyranoside, hesperetin 7-O-beta-D-glucopyranoside, acacetin 7-O-beta-D-glucopyranoside, diosmetin 7-O-beta-D-glucopyranoside, apigenin 7-O-beta-D-glucopyranoside, hesperidin, linarin, luteolin 7-O-beta-D-glucopyranoside, 3,5-dicaffeoyl-*epi*-quinic acid and 1,3-dicaffeoyl-*epi*-quinic acid.[@CIT0025],[@CIT0027] The main objective of this study was to determine the protective effects of a blend of Chrysanthemum Morifolium flower extract (Chrys) and AA2G against UVA-induced dark CPD generation in melanocytes. The capacity of the actives to inhibit ROS generation and melanogenesis was also assessed since they are essential steps in the process of dark CPD formation.

Materials And Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

Primary cells and cell lines were grown in a humidified atmosphere of 5% CO~2~ at 37°C. Adult Primary Human Epidermal Keratinocytes (HEKa) were procured from Thermo Fisher Scientific (Waltham, MA, USA) and maintained in Epilife Medium with 60 µM calcium and supplemented 1% Human Keratinocyte Growth Supplement (Thermo Fisher Scientific) and 1% Penicillin-Streptomycin (P/S) Solution, 100x (Corning, Manassas, VA, USA). Cells were cultured in T75 flasks and passaged before 80% confluency. Experiments were performed between the fourth and sixth passages.[@CIT0028]

B16-F10 (B16) cells (ATCC, Manassas, VA) were cultured in Dulbecco's Modified Eagle's Medium with 4.5 g/L glucose, L-glutamine, sodium pyruvate (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% P/S Solution, 100x. The cells were sub-cultured in T75 flasks three to four days each to sustain regular growth.[@CIT0029]

Melan-a (Mel-a) cells were purchased from Welcome Trust Functional Genomic Cell Bank, St. George Medical School, University of London, London (United Kingdom). Cells were grown in RPMI-1640 media supplemented with 10% FBS, 1% P/S Solution, 100x, 1% amphotericin B, 2 mM L-glutamine, and 200nM tetradecanoyl phorbol acetate (TPA). Mel-a cells were used at passage 30 or less for the experiment.[@CIT0030]

Melanogenesis Inhibition Assay {#S0002-S2002}
------------------------------

Chrys was sourced from SK-Bioland, Jiangsu Province, China. The extraction solvent was water and the carrier solvent of choice was Dipropylene Glycol. B16 cells (5000 cells/well) were pre-cultured in 96-well plates in DMEM medium supplemented with 10% FBS and 1% P/S for 24 hrs. For treatments, cells were treated with the Chrys, AA2G (Hayashibara, Okayama, Japan), or the combination in DMEM-phenol free medium supplemented with 10% FBS, 1% P/S, 2 mM L-glutamine, and 50 nM α-MSH (Sigma, St. Louis, MO, USA) for 96 hrs. The absorbance at 405 nm was measured and MTT assay[@CIT0021],[@CIT0022],[@CIT0031] was performed to examine the viability of cells. Relative melanin content was normalized with the % cell viability.[@CIT0032]

Measurement Of Intracellular ROS Concentration {#S0002-S2003}
----------------------------------------------

Measurement of intracellular ROS concentration was performed using a Dihydrorhodamine 123 (DHR123; Thermo Fisher Scientific) dye. HEKa cells were seeded on 12-well plates overnight and then incubated with the actives for three hours. Subsequently, cells were incubated with 50 µM of pyocyanin (Sigma, St. Louis, MO, USA) at 37°C for 30 mins. Cells were then trypsinized then incubated with 50 µM of DHR123 for 30 mins. The ROS production was analyzed by counting 10^4^ events using BD Accuri^TM^ C6 Plus Flow Cytometer.[@CIT0033]

Cells Treatment And UVA Exposure {#S0002-S2004}
--------------------------------

Mel-a cells were seeded at a density of 2 x 10^4^ cells/well on 96-well strip-well plates and allowed to attach overnight at 37°C, 5% CO~2~. Cells were treated with vehicle control or the testing actives and replenished with fresh media every other day for 6 days. On the 7^th^ day, the media were removed and replaced with warm PBS. Cells were exposed to UVA (325 nm - 400 nm) at various intensities using an Asahi Spectra Max-303 (Asahi Spectra Co., Ltd., Japan) with XUL0325 Longpass Filter/UV 325nm, 25mm dia (Asahi Spectra Co., Ltd). The filter cutoff wavelength was chosen to be 325nm to eliminate the possibility of UVB contamination. Cells not exposed to UVA served as the negative control. At appropriate time points, cell viability and CPD formation were measured.

Cell Viability Assay {#S0002-S2005}
--------------------

Twenty-four hours after UVA exposure, cell viability was determined using both PrestoBlue assay (Thermo Fisher Scientific) and Image-IT live/dead (Thermo Fisher Scientific) staining. Briefly, PrestoBlue reagent was applied to cells at 1:10 ratio. The fluorescence was read (excitation 560 nm; emission 590 nm) at recommended time of incubation (2 h-endpoint). For the staining, Image-IT live/dead stain was applied to the cells, and the cells were counted using ArrayScan™ XTI Live High Content Platform (Thermo Fisher Scientific).

Measurement Of CPD Formation {#S0002-S2006}
----------------------------

UVA-induced DNA damage in the form of CPD were detected and measured in Mel-a cells. Briefly, at 0, 2, 4, 8, and 24 hr time point after UVA irradiation, cells were fixed in 4% performic acid (PFA) for 20 mins, permeabilized with Triton X-100, followed by blocking with normal human serum blocking buffer. The cells then were incubated with a CPD-specific monoclonal antibody (CosmoBio USA, Carlsbad, CA, USA) for 1 hr at room temperature. After washing the bound anti-CPD mAb, secondary antibody Alexa Fluor 647 (Thermo Fisher Scientific) was applied. CPD content was analyzed via ArrayScan XTI Live High Content Platform. The mean total fluorescence intensity per well, the mean area of live/dead stain per well, and the mean number of cells per field were reported in an ArrayScan internal software, from which the data were exported and analyzed further in Microsoft Excel.

Results {#S0003}
=======

Suppression Of Intracellular ROS Production {#S0003-S2001}
-------------------------------------------

Intracellular ROS levels were measured using DHR123 dye in HEKa cell culture model. As shown in [Figure 1](#F0001){ref-type="fig"}, 0.5%w/v AA2G reduced the intracellular ROS production by 31 ± 1.1% compared to the vehicle control. Though relatively lower than the result from AA2G, Chrys demonstrated significant dose-dependent ROS suppression at 0.33% w/v (11 ± 3.5%) and 1% w/v (18 ± 4.7%), relative to the vehicle control. The combination of Chrys and AA2G at various concentrations resulted in better suppression of ROS activity. The most robust activity was seen with the 0.5% w/v AA2G + 1.0% w/v Chrys blend which reduced the ROS levels by 44 ± 5.6%. Other combination of AA2G+Chrys blend also demonstrated significant ROS scavenging activity relative to the vehicle control and AA2G (0.5% w/v) alone. No cytotoxicity was observed (data not shown).Figure 1Effect of AA2G, Chrys, and AA2G + Chrys on ROS production in HEKa: HEKa cells were treated with AA2G, Chys, and AA2G + Chrys blend at various concentrations. The intracellular ROS level was induced by pyocyanin, and the measurement was conducted using the DHR123 dye. All data are expressed as Mean ± Standard Error of Mean of three independent experiments. \*Significant with respect to the vehicle control (p \< 0.05). ^\#^Significant with respect to the 0.5% w/v AA2G treatment (p \< 0.05). Statistics were analyzed with Microsoft Excel software utilizing a Student's one-tailed *t*-test assuming equal levels of variance. Statistically significant values were defined as p \< 0.05.

Prevention Of Melanin Production {#S0003-S2002}
--------------------------------

The efficacy of Chrys, AA2G and the blend of these two (at various concentrations) to inhibit melanogenesis was tested in the B16 melanoma cell line. [Figure 2](#F0002){ref-type="fig"} represents the relative melanin content of various test concentrations and combinations. AA2G (0.5% w/v) and its various combinations with Chrys (0.11, 0.33 and 1% w/v) showed a clear dose-dependent melanogenesis inhibition, whereas none was observed with Chrys (1% w/v) alone. There were no significant inter group differences between AA2G and its various combinations with Chrys at the highest and lowest test concentrations, represented by 1 (no dilution) and 1/8th dilution, respectively. However, a significant difference (p \< 0.05) was observed between AA2G (0.5% w/v) and its other test combinations with Chrys at 1/2 and 1/4th dilutions, representing additive melanogenesis inhibition activity of the AA2G +Chrys blend, relative to the use of AA2G or Chrys alone.Figure 2Effect of AA2G, Chys, and AA2G + Chrys blend on Melanin production in B16 cells: B16 cells were treated with AA2G, Chys, and AA2G + Chrys blend at various concentrations for 96 hrs. The melanin synthesis was induced by α-MSH (50 nM). Relative melanin level was measured using a plate reader and normalized with the % cell viability. All data are expressed as Average ± Standard Deviation of six independent end points. \*Significance of 0.5%w/v AA2G and 0.5%w/v AA2G + Chrys (0.11, 0.33, and 1% w/v) with respect to the vehicle control (p \< 0.05). ^\#^Significance of 0.5%w/v AA2G + Chrys (0.11, 0.33, and 1% w/v) at 1/2 and 1/4th dilution with respect to the 0.5% w/v AA2G treatment (p \< 0.05). Statistics were analyzed with Microsoft Excel software utilizing a Student's one-tailed *t*-test assuming equal levels of variance. Statistically significant values were defined as p \< 0.05.

UVA-Induced Dark CPD Production {#S0003-S2003}
-------------------------------

To verify that dark CPD is indeed generated by UVA in melanin producing Mel-a cells, the cells were maintained for 6 days, and then exposed to UVA dose of 50, 100, or 150 kJ/m.[@CIT0002] CPD levels were measured at 0, 2, 4, 8, and 24 hrs after the UVA exposure. Melanin production was confirmed by comparing the melanin level of cells treated with vehicle control or Phenylthiourea (PTU), an inhibitor of tyrosinase and melanin synthesis on Day 7, as shown in [Figure 3A](#F0003){ref-type="fig"}. In [Figure 3B](#F0003){ref-type="fig"}, no significant amount of CPD was generated when cells were exposed to UVA at 50 or 100 kJ/m^2^. On the other hand, a significant and sustained increase in CPD formation was observed at 150 kJ/m^2^ up to 24 hrs after exposure time. Thus, the dose of UVA irradiation at 150 kJ/m^2^ was chosen for testing the actives.Figure 3Effect of UVA on dark CPD production in Mel-a cells: (**A**) Mel-a cells were maintained for 6 days, then melanin was extracted using 1N NaOH. The melanin content was accessed using a plate reader, read at 405 nm. All data are expressed as Average ± Standard Deviation of six independent end points. (**B**) Mel-a cells were maintained for 6 days, then the cells were exposed with UVA at various doses. CPD fluorescent intensity was measured at various time points. All data are expressed as Mean ± Standard Error of Mean of six independent end points. \*Significance with respect to the vehicle control (p \< 0.05). ^\#^Significance with respect to No UVA control at corresponding time points (p \< 0.05). Statistics were analyzed with Microsoft Excel software utilizing a Student's one-tailed *t*-test assuming equal levels of variance. Statistically significant values were defined as p \< 0.05.

Prevention Of Dark CPD Formation {#S0003-S2004}
--------------------------------

To determine whether AA2G and AA2G + Chrys combination prevent dark CPD formation, Mel-a cells were pre-treated with the actives for 6 days, then exposed to UVA (150 kJ/m^2^). As reflected in [Table 1](#T0001){ref-type="table"}, cell viability was not affected by UVA exposure with or without the active treatment. [Figure 4](#F0004){ref-type="fig"} shows that UVA exposed cells treated with vehicle control induced CPD formation hours after the exposure and peaked at the 24 hr time point. 0.5% w/v AA2G reduced CPD formation at 2, 4, 8, and 24 hr time point. 0.5% w/v AA2G + Chrys (0.11, 0.33 and 1% w/v) blends demonstrated preventive effect on CPD generation at all time points. Unlike the dose-dependent ROS inhibition activity of the Chrys + AA2G blends, no dose-dependence was observed for Chrys concentration in the AA2G + Chrys blend for prevention of Dark CPD formation. Interestingly at 2 hr time point, 0.5% w/v AA2G + Chrys (0.11, 0.33 and 1% w/v) combination prevented CPD formation approximately by 95% while 0.5% w/v AA2G reduced CPD by 63% ± 9.0% compared to the vehicle control. At the 24 hr timepoint, 0.5% w/v AA2G + Chrys (0.11, 0.33 and 1% w/v) blend decreased CPD level approximately by 75% while 0.5% w/v AA2G reduced CPD by 55% ± 9.2% compared to the vehicle control. These findings indicate that AA2G + Chrys blend exhibit an enhanced efficacy when compared to the AA2G alone. No significant induction of CPD was observed from non-UVA irradiated cells. Chrys alone did not show capacity of reducing CPD level (data not shown). The above findings are supplemented by [Figure 5](#F0005){ref-type="fig"} which demonstrates that the AA2G + Chrys blend, at various concentrations, effectively decreases the CPD levels (represented by green florescence intensity) relative to the vehicle control.Table 1Cell Viability Of Mel-A Cells 24 hrs After UVA Exposure, With Or Without Active(s) TreatmentTreatmentViable Cells (%) (Image-IT Live/Dead Staining)Viable Cells (%) (PrestoBlue)No UVA100.0 ± 3.5100 ± 2.3150 kJ/m^2^ - Vehicle Control91.2 ± 9.598.7 ± 8.0150 kJ/m^2^ -- 0.5% AA2G89.1 ± 6.5104.2 ± 6.2150 kJ/m^2^ -- 0.5% AA2G + 1% Chrys85.9 ± 3.5100.2 ± 2.8150 kJ/m^2^ -- 0.5% AA2G + 0.33% Chrys91.6 ± 4.7102.3 ± 3.8150 kJ/m^2^ -- 0.5% AA2G + 0.11% Chrys91.8 ± 3.597.7 ± 3.0 Figure 4Effect of AA2G and AA2G + Chrys on dark CPD formation in Mel-a cells: Mel-a cells were pre-treated with or without actives every other day for 6 days, then exposed with 150 kJ/m^2^ of UVA dose. The cells were fixed in PFA, treated with anti-CPD mAb, followed by secondary anti-body. CPD level was obtained by analyzing the fluorescent intensity. All data are expressed as Mean ± Standard Error of Mean of six independent end points. \*Significance of 0.5% w/v AA2G with respect to the vehicle control (p \< 0.05). ^\#^Significance of 0.5% w/v AA2G + Chrys (0.11, 0.33, and 1% w/v) with respect to the 0.5% w/v AA2G treatment (p \< 0.05). \^Significance of 0.5% w/v AA2G + Chrys (0.11, 0.33, and 1% w/v) with respect to the vehicle control (p \< 0.05). Statistics were analyzed with Microsoft Excel software utilizing a Student's one-tailed *t*-test assuming equal levels of variance. Statistically significant values were defined as p \< 0.05.Figure 5Representative images of effect of AA2G and AA2G + Chrys blend on CPD formation. Mel-a cells were pre-treated with or without actives every other day for 6 days, then exposed with 150 kJ/m^2^ of UVA. The cells were fixed in PFA, treated with anti-CPD mAb, secondary anti-body. Fluoresce images were taken at 2, 4, 8, and 24 hr time points. CPD level was represented by green florescence intensity.

Discussion {#S0004}
==========

UV is a well-known environmental stress factor to the skin that can accelerate the skin aging process and even develop skin cancers. Sunscreens are developed to protect the skin from UV; however, its inadequate and less frequent use leaves room for UV-induced skin photodamage. The DNA mutations resulting from direct absorption of UVB and its damaging effects are well understood, however, the susceptibility of human skin particularly to UVA-induced ROS generation and DNA damage has become of increasing interest. Recently, Premi et al demonstrated that UVA can induce dark CPD formation hours after the exposure has ceased, and the UVA-induced delayed CPDs are the majority of CPDs generated in melanocytes.[@CIT0017],[@CIT0018] It has also been reported that the rate of removal of UVA-generated CPDs is lower than that produced by UVB irradiation of the skin.[@CIT0010] These findings indicate that UVA-induced photodamage could be more severe than previously thought as it continues at the molecular level even after UVA exposure has ceased. Thus, in addition to the use of sunscreens, new strategies for protecting skin post sun exposure is gaining interest. In this study, we aimed to evaluate the skin protection efficacy of a blend of two antioxidants (AA2G + Chrys) against molecular markers representing UVA-induced skin photodamage.

Chemiexcitation in melanocytes and subsequent formation of dark CPD are a multistep process. As the initial step of dark CPD formation, NO• and O2˙−are upregulated and generate a powerful radical ONOO^−^ and melanin synthesis by UVA. ONOO^−^ degrades melanin polymer to monomers which act as a molecular sensitizer to create excited dioxetane and excited state triplet carbonyl. We believe that targeting these two paths, ROS generation and melanogenesis could potentially help suppress CPD formation more effectively. Therefore, we first examined the effects of AA2G, Chrys and AA2G + Chrys on ROS generation and melanin production. ROS assay using DHR123 in HEKa cells and melanogenesis inhibition assay using B16 cells are reliable and effective methods to measure intracellular ROS and melanin levels. AA2G and Chrys demonstrated both ROS scavenging and melanogenesis inhibition effects, and the blend enhanced the efficacy ([Figure 2](#F0002){ref-type="fig"}). It is unclear how Chrys can contribute to the additive depigmenting effect in the blend with AA2G while Chrys itself showed no significant effect. We believe that the additive effect was possible as a result of ROS inhibiting effect of Chrys which reinforced the tyrosinase inhibiting activity of AA2G.

The susceptibility of human skin is substantially high for CPD damage and it does not provide efficient photoprotection against formation of CPD. This is evident from our observation that CPD formation continues over a prolonged period of time even after UVA irradiation source has ceased ([Figure 3B](#F0003){ref-type="fig"}). Similar observations were previously made by other researchers.[@CIT0017],[@CIT0018] In addition, it has been shown that the rate of removal of UVA-generated CPDs is lower than that produced by UVB irradiation of the skin,[@CIT0010] which indicates increased susceptibility of skin to UVA-induced DNA damage. The effect of UVA on reduced CPD repair is not yet clearly understood but could potentially be explained by an in-cell cycle arrest after irradiation[@CIT0034],[@CIT0035] or by oxidative stress mediated degradation of DNA repair protein. Since the blend of AA2G and Chrys demonstrated the suppressive effect on ROS generation and melanin production, they were further evaluated for their potential of preventing dark CPD production. Mel-a cells were used since they can produce melanin effectively ([Figure 3A](#F0003){ref-type="fig"}). Different induction and pretreatment periods were used in various experiments as ROS induction is faster in HEKa (usually in a few hours) than melanin production induction in Mel-a cells (usually several days).The pre-treatment of AA2G and AA2G + Chrys blend demonstrated the preventive effect on dark CPD formation. The blend treatment also showed enhanced activity when the CPD levels were highest (2 & 24 hrs) compared to AA2G treatment alone ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}).

In summary, AA2G and Chrys combination showed promising results for promoting ROS scavenging activity and melanogenesis inhibition, therefore reducing dark CPD generation. We believe that this activity could be further enhanced by inclusion of ingredients which could act as triplet state quenchers, a downstream intermediate critical for formation of dark CPD.

Conclusions {#S0005}
===========

Consumers believe that solar protection is needed only during the daytime. It has been now shown that DNA damage could occur hours after the exposure to the sun, specifically UVA. The results from this study indicate that the use of natural antioxidant, Chrysanthemum Morifolium flower extract in combination with a well-known ascorbic acid derivative, AA2G, enhances the protection against delayed DNA damage (dark CPD formation) in the skin. Such combination strategies may be applied for formulating a more effective skincare product which helps to alleviate skin damage after the solar exposure, potentially in a form of the evening skin care product.
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